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1. Introduction

Collisions of heavy ions at RHIC are expected to exceed the energy densities required
to achieve a phase transition to the quark gluon plasma (QGP) [1,2]. STAR was designed
and constructed to investigate the behavior of strongly interacting matter at high energy
density and to search for signatures of QGP formation and chiral symmetry restoration in
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collisions at RHIC (3]. Initially STAR will focus on measurements of hadron production
and the study of global observables. The STAR physics program also includes: the
measurement of products from ultra-peripheral heavy ion collisions to study photon and
pomeron interactions [4]; proton-proton interactions and proton-nucleus interactions to
understand nuclear parton distribution functions and for heavy ion reference data; and
a complete program of spin physics utilizing collisions of polarized protons at RHIC to
measure the contribution of the spin of the gluon and of sea-quarks to the spin structure
function of the proton [5]. In this paper, we report results for collisions of Au + Au at
V/Snn = 130 GeV from the STAR experiment in the first RHIC run.
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Figure 1. Side-view of the STAR experiment at RHIC.

2. The STAR Experiment

The layout of the STAR experiment [3] is shown in Fig.1. The initial configuration of
STAR in 2000 consisted of a large time projection chamber (TPC) covering | 7 |< 1.8 and
a ring imaging Cherenkov detector [6] covering | 7 [< 0.3 and A¢ = 20°, inside a solenoidal
magnet with 0.25 T magnetic field. The solenoid provides a uniform magnetic field of
maximum strength 0.5 T for tracking, momentum analysis and particle identification via
jonization energy loss measurements in the TPC. Measurements in the TPC were carried
out at mid-rapidity with full azimuthal coverage (A¢ = 27} and symmetry.

2.1. Trigger
STAR utilizes a central trigger barrel (CTB) to trigger on collision centrality. The
CTB, shown in Fig.1, surrounds the outer cylinder of the TPC, and triggers on the flux
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of charged-particles in the |  [< 1 region. In addition, zero-degree calorimeters (ZDC)
located at § < 2 mrad are used to determine the energy in neutral particles at 0 degrees [7],
mostly spectator neutrons. Displayed in Fig.2 is the correlation between the summed ZDC
pulse height and that of the CTB for events with a primary collision vertex successfully
reconstructed from tracks in the TPC. This correlation is predominantly geometrical in
origin. At large impact parameters, where the cross section is largest, only a few spectator
neutrons are generated and the multiplicity in the central region is small, corresponding
to low signals in both the ZDC and CTB. As the impact paramater decreases, the number
of forward spectator neutrons grows rapidly, eventually saturating and then decreasing
for small impact parameters. At the same time, the CTB multiplicity increases, with
the most central collisions corresponding to high CTB multiplicity and a small number
of forward spectator neutrons. Thus, the correlation between the ZDC and CTB can be
used to provide a trigger for collision centrality.!

A minimum bias trigger was obtained by selecting events with a pulse height in each
7ZDC that was above the single neutron threshold. Triggers corresponding to smaller
impact parameter were implemented by selecting events along the ZDC vs CTB curve
with sufficiently large CTB signal to eliminate the second branch at low CTB values
shown in Fig.2.
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Figure 2. Correlation between pulse Figure 3. Ionization energy loss for charged-
heights of Zero Degree Calorimeters particles measured in the Time Projection Cham-
(ZDC) and Central Trigger Barrel in  ber as a function of particle momentum. Curves
a minimum bias trigger. represent predictions of the Bethe-Bloch formuia.

2.2. Detector Performance
Tracks in the STAR TPC were used to determine the distribution of the vertices of
beam-beam collisions in RHIC. This was found to be 0.7 mm in the direction transverse

LA low signal in the ZDC may result from collisions at small or large impact parameter, as seen in Fig.2.
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to the beam with a longitudinal rms length of 96 cm.? The standard deviation of the
position resolution for track points measured in the TPC at mid-rapidity was found to be
0.5 mm. The momentum resolution was determined to be dp/p < 2% for tracks in the
TPC with momentum p = 500 MeV/c. The ionization energy loss (dE/dx) resolution was
found to reach 8 percent for tracks measured over the entire radial extension of the TPC.
These performance factors are cousistent with the original design specifications for the
TPC in STAR [3]. For reference, the measured energy loss (dE/dx) of charged particles
detected in the TPC is displayed in Fig.3. The measured dE/dx contours as a function of
momentum are used in STAR to distinguish electrons, pions, kaons, protons and deuterons
in the regions of particle separation in Fig.3. Predictions of the Bethe-Bloch formula are
illustrated as curves on the figure. Detailed information on the TPC performance can be
found in {8]. The RICH detector also performed to specifications. Details are presented
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Figure 4. Multiplicity distributions of Figure 5. Pseudorapidity distributions for neg-
negative hadrons at mid-rapidity mea- ative hadrons measured in STAR for the most
sured in a minimum bias trigger in central 5% of collisions for p; > 0.1 GeV/c (solid
STAR. See text for details. dots) and extrapolated to p; = 0 (open squares).

3. Negative Hadron Multiplicities and Spectra

Measurements of the particle multiplicity, pseudorapidity, and transverse momen-
tum distributions provide important information on the kinetic freeze-out stage of the
reaction process. This can be used to constrain theoretical descriptions of the evolution
of the system from the initial hot, dense phase of the collision through chemical freeze-out

2This is expected to decrease by a factor of 4 in the next run with the inclusion of additional RHIC
collider components.
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and eventual kinetic decoupling. Shown in Fig.4 are results on the multiplicity distribu-
tion of negative hadrons for collisions of Au + Au measured with a minimum bias trigger
in STAR. The transverse momentum and pseudorapidity acceptance are listed in the fig-
ure. Also shown in gray is the distribution for the 5 % most central collisions, and a solid
curve depicts the predictions of a HIJING calculation [10]. The shape of the minimum
bias distribution is typical of the shapes measured at lower energies and results from the
collision geometry.

The pseudorapidity distribution for negative hadrons measured in STAR is displayed in
Fig.5 for the 5 % most central collisions. The solid dots represent the distribution for p, >
0.1 GeV/c and the open squares represent the same data extrapolated for p; > 0. The
measured values at 1 = 0 are dN(h-)/dn = 253 + 1 + 16 for p; > 0.1 GeV/c and dN(h-)/dy;
=275+ 1 & 18 for p; > 0. This represents a 43 % increase in the particle multiplicity as
compared to the NA49 data for Pb + Pb at /syy = 17.2 GeV [13]. The dashed line in
Fig.5 shows the data published by the PHOBOS Collaboration {11] for the average charged
particle multiplicity measured over the range —1.0 < n < 1.0. There is good agreement
between the measurements for the average multiplicities. Pseudorapidity distributions
like those measured in Fig.5 should constrain some of the important ingredients used in
model calculations, particularly the initial gluon distributions and possibly the evolution
in the early phase of the collisions, both of which are expected to significantly influence
varticle production.
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Figure 6. Preliminary fransverse momentum
distributions of negative hadrons measured
in STAR as a function of centrality (as la-
beled on right side of figure).

Figure 7. Transverse momentum distribu-

tions

for hadrons at mid-rapidity in cen-

tral Au + Auin STAR (preliminary), cen-
tral Pb + Pb in NA49, and p + P in UAL.

Displayed in Fig.6 are the p; distributions measured in STAR for negative hadrons
in each of § centrality bins. The centrality was determined from Fig.2 with centrality
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Figure 8. Ratio of the STAR negative Figure 9. Data points represent the elliptic
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UAL1 average hadron p; distribution in p p;. Curves represent predictions of [22].

+ p collisions. See text for details.

bins corresponding to fractions of the geometrical cross section [12]. The p; distributions
follow a power law dependence as already observed at higher energies [14]. Displayed in
Fig.7 is the transverse momentum distribution of negative hadrons for the most central
bin of Fig.6 extended to p; = 6 GeV/c. For comparison, the data from central collisions
of Pb 4+ Pb measured at mid-rapidity in NA49 at \/syy = 17 GeV are also displayed
in Fig.7 [13], along with the transverse momentum distributions for the average of the
negative plus positive hadrons in anti-proton + proton collisions measured in UA1 at /s
= 200 GeV [14]. All three distributions follow a simple power-law formulation and, as
seen in the figure, the spectrum from STAR is flatter than the other two distributions.
The mean p;, deduced from Fig.6, rises slightly with decreasing impact parameter to a
value of 0.514 4 0.012 GeV/c for the most central bin in STAR. This is to be compared to
a value measured in NA49 of 0.414 £ 0.004 GeV/c and in UAT of 0.392 £ 0.003 GeV/c.

A comparison of the negative hadron p; distributions from central collisions in STAR
with those of the average hadron p; distributions from UA1, scaled for the energy difference
[16], is presented as a function of p; in Fig.8. The ratio is normalized to have the value
of unity if particle production scales as the number of nucleon-nucleon binary collisions,
taking into account the nuclear geometry. The ratio at low p; is indicative of wounded
nucleon (participant number) scaling, and rises as p; increases. It reaches a maximum
near p; = 2 GeV/c and decreases above that, signifying a suppression of the hadron
yield at high p; in central Au + Au collisions relative to the p + p reference case. The
binary collision scaling value corresponds to a Au + Au overlap integral of 26 mb™! for
the 5 % most central Au + Au collision data, or 1050 binary collisions. The divergence
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in this ratio away from the binary scattering limit suggests the exciting possibility that
fragmentation products of the hard-scattered partons are suppressed in the Au + Au
case due to partonic energy loss [15]. A more detailed description of this comparison is
contained in ref [16].

4. STAR Elliptic Flow Measurements

STAR'’s inherent geometrical symmetry has allowed an early determination of the
elliptic flow in collisions at RHIC [17]. Elliptic flow is the second harmonic Fourier co-
efficient of the azimuthal particle distribution represented by vz = ((p% — pZ)/(p2 + p2)},
where the x and y directions are transverse to the colliding beams. Of particular interest
is the large value of v, measured at RHIC, relative to lower values at the AGS and at the
SPS. The peak elliptic flow measured at this RHIC energy in STAR reaches 6 %, while
the values measured at the AGS and SPS are 2 % [18] and 3.5 % [19], respectively. Except
for the most peripheral collisions, hydrodynamic calculations of vy agree with the STAR
data. Since hydrodynamics assumes local equilibration [20], this agreement indicates that
thermalization is attained early in these collisions.

New STAR measurements of the p; dependence of the elliptic flow are presented in
Fig.9. At low p, the elliptic flow increases with p; as predicted by hydrodynamics [20]. At
high p; where perturbative QCD is applicable, elliptic flow is expected to vanish unless
there is parton energy loss in the medium to create the azimuthal asymmetry [21]. The
STAR results in Fig.9 follow the hydrodynamic behavior at low p; and level off between
2 and 4 GeV/c. The observed behavior is consistent with a model [22] incorporating
hydrodynamic behavior at low p;, and pQCD and parton energy loss in a dense medium
at high p,. The curves in Fig.9 represent different gluon densities in the calculation [22].
The similarity of the trends in Fig.8 and Fig.9 are intriguing, but not yet understood
quantitatively. For more details on STAR flow measurements, see (23].

5. Identified Particle Spectra

Using ionization energy loss as displayed in Fig.3, the spectra of identified particles
can be measured. Displayed in Fig.10 and Fig.11 are preliminary spectra of negative
kaons and anti-protons, respectively, at mid-rapidity as a function of transverse mass
{(minus the rest mass) for 5 centrality bins. The anti-proton spectra were corrected for
feed-down from decays using the HIJING model [10]. This correction, of the order of 20
%, is approximately constant as a function of p;. The spectra are exponential over the
transverse mass range measured. The anti-proton slopes increase with centrality from
~200 MeV for peripheral collisions to 555 + 16 & 50 MeV for the most central 6 %
bin. A comparison of the most central 6 % centrality bins for identified ==, K=, and 7 is
displayed in Fig.12. The inverse slopes of these spectra increase significantly with particle
mass as shown in Fig.13 via comparison with the inverse slopes measured in NA44 [24]
and NA49 [13] at CERN. This suggests a significantly increased transverse flow at RHIC
as compared to the CERN SPS.
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6. Strange Particles

To gain access to the high density phase and information on its strangeness content,
strange mesons (K*, K—, K°, K*°, K*°, ¢) and baryons (A,A,Z",E*, Q~, Q%) can be
measured in STAR at mid-rapidity [25,26]. An enhancement in the production of strange
particles resulting from an equilibrated system of quarks and gluons was one of the first
predictions for a signature of QGP formation [27]. Determination of the efficiencies for
detecting and reconstructing these secondary decay vertices in STAR is presently under-
way. Preliminary results are reported in [26]. An enhancement in the strange antibaryon
content [28,29] and an increased enhancement of multiply-strange baryons (27, 2%, Q)
compared to singly-strange hadrons [28] have been predicted to signify the presence of a
QGP. These measurements will be made with high precision in the next RHIC run, once
the Silicon Vertex Tracker is installed in STAR.

7. Particle Ratios

The ratio of the yields of baryons to anti-baryons is related to baryon transport in the
collision process. The measurement in STAR requires corrections, concentrated at low py,
for secondary interactions in material which generate protons and absorb antiprotons. The
anti-baryon to baryon ratios measured at mid-rapidity as a function of /syy is shown in
Fig.14 for central collision data from the AGS [31], SPS [32] and data from STAR [30,33]
at RHIC. The anti-baryon to baryon ratio increases by over two orders of magnitude
from the AGS to the SPS, and by another order of magnitude to the preliminary values
measured in STAR. This strong increase as a function of /syx reflects an increase in
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Figure 13. Inverse slope T as a function of identified
particle mass in central Au + Au in STAR at RHIC
and central Pb + Pb in NA44 and NA49 at CERN.
Error brackets correspond to root-mean-square sta-
tistical plus systematic errors.

Figure 12. Transverse mass spec-
tra for #7, K~ and § at mid-
rapidity in the 6% most central
Au + Au collisions.

the baryon - anti-baryon production at higher energies. The ratio approaches, but is still
slightly less than, unity which suggests that there is a slight positive net baryon density
at mid-rapidity at this RHIC energy. See [33] for more details.

Fig.15 shows the ratios of various particle species measured by STAR and by SPS ex-
periments. Comparison indicates the degree of equilibration achieved in RHIC collisions.
The anti-baryon/baryon and K~ /K* ratios measured by STAR are consistent with a
simple quark coalescence mechanism for particle formation {34].

8. Two-Pion Correlations from STAR

Correlations between identical bosons provide information on the freezeout geome-
try, the expansion dynamics and possibly the existence of a QGP {35]. The dependence
of the pion-emitting source parameters on the transverse momentum components of the
particle pairs can be measured with high statistics in STAR. In the present study a mulsi-
dimensional analysis for identified charged pions is made using the standard Pratt-Bertsch
decomposition (35,36] into outward, sideward, and longitudinal momentum differences and
radius parameters. The data are analyzed in the longitudinally co-moving source frame, in
which the total longitudinal momentum of the pair (collinear with the colliding beams) is
zero. As expected, larger sizes of the pion-emitting source are found for the more central



T4c C. Adler et al./Nuclear Physics A698 (2002) 64¢-77¢

T T 7 .
i 3 E
L 3
r q g
W'l B 1 & blp AN EIE KK 'K/m K/ Kl
E El .
n 3 * *
@ r * STARp/p 1 * * .
18 5o * STARR/A N .
E v . E| " . . *
E NAAS p/p j 10 .
L o WAST A/A ] * *
10° e " EB66 S/p N
£ 3 " .“\‘\(\’b
3 10 o
. . ] * STAR s
B} 4 WA97 e
10 SR
1 10 10° o ® NA49
S (GEV)

Figure 14. The mid-rapidity anti- Figure 15. Various ratios of particles measured
baryon to baryon ratio as a function of at the SPS and in STAR at RHIC.
vSyn from central collisions.

(i.e. decreasing impact parameter) events, which have higher pion multiplicities. This
source size is observed to decrease with increasing transverse momentum of the pion pair
[37]. This dependence is similar to what has been observed at lower energies and is an
effect of collective transverse flow. Shown in Fig.16 are preliminary results from STAR for
the coherence parameter A and the radius parameters Rous, Riige, and Ryong extracted in
the analysis. Also shown are values of these parameters extracted from similar analyses
at lower energies. All analyses are for low transverse momentum (~ 170 MeV /c) negative
pion pairs at midrapidity for central collisions of heavy nuclei. From Fig.16 the values of
Ay Routs Raide, and Ryony extend smoothly from the dependence at lower energies and show
no significant changes in the source from those observed at the CERN SPS energy. The
anomalously large source sizes or source lifetimes predicted for a long-lived mixed phase
[38] have not been observed in this study. For more details, see [37).

9. Ultraperipheral Collisions

The STAR physics program also includes the study of interactions between the two
highly-charged, relativistic heavy ions at impact parameters larger than the sum of the
nuclear radii. In these interactions the two nuclei act as sources of fields which interact over
long range, corresponding to collisions between two photons or a photon and a pomeron.
The cross sections for such collisions are large [4]. A resultant vector meson is ohserved
by STAR through its decay into charged secondaries. Background events, which include
cosmic-ray, beam-gas, nuclear, and incoherent photonuclear interactions, were suppressed
by selecting events with only two oppositely-charged tracks, whose energy-loss in the TPC
was consistent with pions. The transverse momentum distribution of 7t 7~ pairs peaks at
pt < 100 MeV /c, as seen in Fig.17 (top). This is consistent with coherent production from
both nuclei. The invariant mass spectrum of 77 pairs with p, < 100 MeV/c is displayed
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Figure 16. Measurements of the coherence Figure 17. The p; (top) and invari-
parameter A and radius parameters R,,, ant mass (bottom) spectra of #¥n~ pairs
Riige, and Riongitudina from central collisions  (solid points) and like-sign 77 pair back-
of Au + Au at the BNL-AGS, Pb + Pb at the  ground (histogram) with p; < 100 MeV /c
CERN-SPS and Au + Au data from STAR. for two-track events.

in Pig.17 (bottom), and is observed to peak around the mass of the p. The like-sign
pion pairs, the histogram in Fig.17, are concentrated at lower mass. This measurement of
w 't pairs is the first observation of coherent p production in ultra-peripheral collisions of
relativistic heavy ions. More defailed studies with higher statistics, including production
of higher mass vector mesons, are expected in the next RHIC run.

10. STAR in the Next RHIC Run

Additional detectors will be added for the run in 2001. These are a silicon ver-
tex tracker (SVT) covering | 1 |< 1, and a forward radial-drift TPC (FTPC) covering
2.5 <[5 |< 4. For the next run the barrel electromagnetic calorimeter (EMC) will reach
approximately 20% of its eventual —1 < n < 1 and A¢ = 27 coverage and will allow
measurement of the transverse energy of events, and trigger on and measure high trans-
verse momentum photons and 7°’s. The remainder of the EMC plus one endcap will be
constructed and installed over the next 2 - 3 years. A time-of-flight (TOF) patch covering
0 <n <1 and A¢ = 0.047 will also be installed for 2001 operation to extend the particle
identification for single particle spectra at midrapidity in STAR.
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11. Conclusions

The STAR detector performed well during the first RHIC run. As a result, STAR
has been able to make significant progress in mapping out the soft physics regime at
RHIC. The anti-particle production increases relative to the SPS, and the net baryon
density at mid-rapidity is lower at RHIC. The particle production is large as exhibited by
a 43 % increase in charged particle multiplicity relative to measurements with heavy ions
at the SPS. The negative hadron transverse momentum distributions exhibit a power-law
dependence and are observed to be flatter than their counterparts at the CERN SPS
and in proton + anti-proton collisions at slightly higher energy. Midrapidity spectral
slopes increase with centrality and particle mass exhibiting strong transverse flow. The
measured particle ratios are found to be consistent with quark coalescence. T'wo-particle
correlation measurements exhibit source sizes similar to those measured at the CERN
SPS with heavy ions. The elliptic flow measured in STAR is larger than observed at
lower energies, and is in agreement with calculations using hydrodynamics. This suggests
thermalization at an early stage of the collision. This strong elliptic flow is observed out
to high p; (~ 4.5 GeV/c). The high p; negative hadron yields are suppressed in the range
2 < p; < 6 GeV/c relative to those in elementary collisions, suggesting large differences in
parton fragmentation and/or propagation between the heavy ion and elementary cases.
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